Fatty acid and glycerolipid biosynthesis from [14C]acetate by isolated pea root plastids is completely dependent on exogenously supplied ATP. CTP, GTP, and UTP are ineffective in supporting fatty acid biosynthesis, all resulting in <3% of the activity obtained with ATP. However, ADP alone or in combination with inorganic phosphate (Pi) or pyrophosphate (PPi) gave up to 28% of the ATP control activity, whereas AMP + PPi, PPi alone, or Pi alone were ineffective in promoting fatty acid biosynthesis. The components of the dihydroxyacetonephosphate (DHAP) shuttle (DHAP, oxaloacetate, and Pi), which promote intraplastidic ATP synthesis, restored 41% of the control ATP activity, whereas the omission of any of the shuttle components abolished this activity.
When the DHAP shuttle components were supplemented with ADP, the rate of fatty acid biosynthesis was completely restored to that observed in the presence of ATP. Under the conditions of ADP + DHAP shuttle-driven fatty acid biosynthesis, exogenously supplied ATP gave only a 6% additional stimulation of activity. In general, variations in the energy source had only small effects on the proportions of radioactive fatty acids and glycerolipids synthesized. Most notably, higher amounts of radioactive oleic acid, free fatty acids, and diacylglycerol and lower amounts of phosphatidic acid were observed when ADP and/or the DHAP shuttle were substituted for ATP. The results presented here indicate that, although isolated pea root plastids readily utilize exogenously supplied ATP for fatty acid biosynthesis, these plastids can also synthesize sufficient ATP when provided with the appropriate cofactors.
Fatty acid and glycerolipid biosynthesis from acetate are strictly energy dependent in all plastids. ATP is required for the synthesis of both acetyl-CoA and malonyl-CoA by acetylCoA synthetase and acetyl-CoA carboxylase, respectively (20) . Similarly, the reduced nucleotides NADPH and NADH are required in the 13-ketoacyl-ACP2 reductase and 2-enoyl-ACP reductase steps ofde novo fatty acid biosynthesis, respectively, as well as the desaturation of stearoyl-ACP (20) . These cofac-'This research was supported by grants A2273, E2554, E2634, and E36745 from the Natural Sciences and Engineering Research Council of Canada.
2Abbreviations: ACP, acyl carrier protein; PI, phosphatidylinositol; DHAP, dihydroxyacetonephosphate; OAA, oxaloacetate, FFA, free fatty acids; PA, phosphatidic acid; PC, phosphatidylcholine; PG, phosphatidylglycerol; MAG, DAG, and TAG, mono-, di-, and triacylglycerol, respectively. tors are only indirectly required for plastidic glycerolipid biosynthesis in so far as this process is dependent on fatty acid synthesis. In chloroplasts, ATP and reduced nucleotides are supplied during photosynthesis and glycolytic metabolism, whereas glycolytic and oxidative pentose phosphate metabolism provides these cofactors in developing oilseed plastids (3, 4) . Similar metabolism may be involved in other nonphotosynthetic plastids ( 
MATERIALS AND METHODS

Plant Material and Plastid Isolation
Seeds of pea (Pisum sativum L. cv Improved Laxton's Progress) were germinated under sterile conditions (17) . Roots were homogenized and plastids isolated by a method modified from Stahl and Sparace (18) and Emes and England (6) as follows. Roots (6-10 g per experiment) were homogenized in 2 mL of homogenization medium (6) Fatty acid biosynthesis was measured under reaction conditions described earlier ( 18) except that the incubation mixture contained 0.33 M sorbitol instead ofsucrose. The reaction was terminated by the addition of 3 mL of chloroform/ methanol/acetic acid (1:2:0.1, v/v). Radioactive fatty acids and glycerolipids of the chloroform phase and fatty acids of the aqueous phase of the extraction mixture were quantified separately and analyzed as described earlier (17) . Experiments were performed twice. Data shown are averages of duplicate analyses within an experiment and are representative of each experiment.
RESULTS AND DISCUSSION
The dependency of isolated pea root plastids on nucleoside triphosphates for fatty acid and glycerolipid biosynthesis is specific for ATP (Table I ). Other nucleoside triphosphates could not substitute for ATP and resulted in <3% of the ATP control activity. In contrast, ADP alone or in combination with Pi or PPi gave 23 or 28%, respectively, of the ATP control activity. These observations indicate that, although isolated pea root plastids are dependent on exogenously supplied ATP for fatty acid biosynthesis, they do have some capacity to generate ATP when provided with ADP. In the absence of any other cofactors, this ATP synthesis from ADP is most likely by adenylate kinase (14) . Similar observations have been made with daffodil flower chromoplasts (12) . PPi, alone or in combination with ADP or AMP, did not serve as an alternative energy donor for fatty acid biosynthesis. In other systems, however, PPi is variously involved in such energy-dependent processes as PPi-dependent cytoplasmic sucrolysis (22) , phosphofructokinase (1), and tonoplastic proton transport (10) . In combination with ADP or AMP, PPi also promotes photosynthesis in isolated chloroplasts (19) or ATP synthesis by the reversal of pyruvate, Pi dikinase (5) .
Under the conditions used in this investigation, PPi does not appear to have any of these roles.
Greater than 90% of the total lipid radioactivity was recovered in the chloroform phase of the extraction mixture primarily as palmitic, stearic, and oleic acids esterified to various glycerolipids. The balance of radioactivity was recovered as fatty acid esters (presumably acyl-CoAs and acylACPs) in the aqueous phase of the extraction mixture. When measurable, varying the nucleotide energy sources had essentially no effect on the proportions of radioactive fatty acids synthesized except that ADP + PPi caused a marked increase in the proportion ofoleic acid accumulated with a corresponding decrease in palmitic acid, suggesting that fatty acid synthetase II was somehow stimulated. Alternatively, by inhibiting the triose phosphate translocator (7), PPi might reduce the availability of glycerol-3-phosphate in the standard incubation mixture, which could also cause an increase in the proportion of oleic acid accumulated (18) .
The chloroform extract of the ATP control contained approximately 34% PA, 15% DAG, 19% PC, and lesser amounts of TAG, MAG, PG, PI, and FFA (Table II) . As with the radioactive fatty acid compositions, the distribution of radioactivity among these glycerolipids was generally not affected by the energy source except that when ADP was used, especially in combination with PPi, the proportion of PA was reduced by up to 26%, whereas the amount of DAG nearly doubled from 15 to 29%. This suggests that plastidic energy charge, in part, may modulate the activity of phosphatidic acid phosphatase. Similarly, the amount of FFA increased by as much as 13% in the presence of ADP + PPi. An increase in the amount of FFA would be expected in the absence of an extraplastidic source of ATP directly available for acylCoA synthesis (15) . However, other indirect effects of PPi on the triose phosphate translocator, as mentioned earlier, cannot be ruled out.
To further explore the capacity of pea root plastids to c_, Insufficient radioactivity for radio-GLC analysis. generate ATP internally for fatty acid biosynthesis, the DHAP shuttle mechanism (Fig. 1) originally described by Werdan et al. (21) , was used. This shuttle, which inherently requires the operation ofeither a portion ofplastidic glycolytic metabolism or the reversal of a portion of Calvin cycle metabolism, has been successfully used to circumvent the light-/ATP-dependent steps in photosynthetic CO2 fixation (21) , fatty acid biosynthesis (16) , and sulfolipid biosynthesis (13) by chloroplasts incubated in the dark by promoting ATP synthesis at the level of phosphoglycerate kinase. In the absence of ATP, the addition of the DHAP shuttle components (3 mm DHAP, 3 mM OAA, and 6 mM KH2PO4) gave approximately 40% of the ATP control activity (Table III) . These observations suggest that phosphoglycerate kinase, under the appropriate conditions, may provide some of the ATP required for fatty acid biosynthesis in pea root plastids. All three of the shuttle components, particularly DHAP, are required to stimulate fatty acid synthesis. In the absence of these individual components, <18% (<2% when DHAP was omitted) of the complete shuttle-stimulated activity was observed, which is in agreement with related studies (12, 13, 21) .
When the shuttle components were supplemented with 6 mM ADP, the total rate of fatty acid synthesis was essentially restored to that obtained in the ATP control. This suggests that the level of ADP, presumably because it is used for ATP synthesis at the level of phosphoglycerate kinase, limits fatty acid biosynthesis rather than the added shuttle components (DHAP, OAA, and Pi). However, the involvement of adenylate kinase as discussed earlier and stimulatory effects by ADP on translocators of the shuttle cannot be excluded. In any case, these results demonstrate that, although externally supplied ATP is readily utilized, it is not essential for fatty acid biosynthesis by pea root plastids when other appropriate cofactors or resources are available.
The addition of 6 mm ATP to shuttle-driven fatty acid synthesis resulted in only 6% greater activity than observed in the presence of ATP alone, suggesting that the requirement of ATP for fatty acid biosynthesis was satisfied, that there was little synergism between the effects of externally supplied ATP and ATP generated internally by the shuttle mechanism, or that external ATP inhibited one or more translocators of the DHAP shuttle.
As observed in the previous experiments, the addition of shuttle components with or without adenine nucleotides resulted in increased proportions of oleic acid and decreased proportions of palmitic acid accumulated. However, in this case this may be due to the increased levels of plastidic NADPH which is required for fatty acid metabolism. Similarly, the shuttle components and/or adenine nucleotides generally had little effect on the distribution of radioactivity among labeled lipids of the chloroform fraction except for the amounts of FFA, PA, and TAG (Table IV) . The proportion of FFA increased approximately eightfold to 41%, whereas PA was reduced from 31 to 6% in the presence of the DHAP shuttle components alone, again suggesting the release of FFA in the absence of external ATP for acyl-CoA synthesis and the modulation of PA phosphatase activity by the presence or absence of adenine nucleotides. When the DHAP shuttle was supplemented with ADP or ATP, these effects were still apparent, although somewhat reduced, whereas the proportion of TAG increased two-to threefold.
The results obtained in this study lend themselves to speculation concerning energy, carbon, and lipid metabolism in pea root plastids. Although in vitro fatty acid biosynthesis in these plastids is dependent on exogenously supplied ATP (17, 18) , the results clearly demonstrate that these plastids can independently generate sufficient ATP to support high rates of fatty acid biosynthesis. At least two mechanisms appear to be involved in this ATP synthesis. These are the conversion of 2-ADP to ATP + AMP by adenylate kinase (14) and substrate level phosphorylation of ADP by phosphoglycerate kinase as illustrated in Figure 1 (21) .
The ability of the DHAP shuttle to partly substitute for Figure 1 . Based on analogies with other types of plastids (3, 4) , it is tempting to conclude that pea root plastids have the entire glycolytic sequence (2) . However, as pointed out by Frehner et al. (8) , when detailed studies are performed, the activities of one or more enzymes ofglycolytic metabolism are frequently lacking or relatively very low, thus restricting complete glycolytic metabolism. Similarly, the use and requirement of all of the components ofthe DHAP shuttle imply that pea root plastids have an active NADP-malate dehydrogenase. This enzyme is normally associated with chloroplasts, particularly in C4 plants but not roots (5) . However, at this time, the possibility that an NAD-specific malate dehydrogenase, as in glyoxy- Of related interest is the extent to which glycolytic metabolism in pea root plastids might provide carbon for fatty acid biosynthesis. Our studies with acetate as the biosynthetic precursor imply an extraplastidic source of carbon, because free acetate is thought to originate in mitochondria through the activities of pyruvate dehydrogenase and acetyl-CoA hydrolase (9, 20) . However, pea root plastids also readily utilize [2-'4C]pyruvate for fatty acid biosynthesis (R.J. Stahl, S.A. Sparace, unpublished observations), indicating that these plastids contain an active pyruvate dehydrogenase complex as do many other types of plastids (4, 9) . Thus, if glycolytic carbon metabolism is complete and active in pea root plastids, they do have the capacity to utilize the pyruvate that they might generate for fatty acid biosynthesis. Similarly, if glycolytic metabolism is operating in these plastids, some of the phosphoglycerate formed as a result of the DHAP shuttle might ultimately provide acetyl-CoA for fatty acid synthesis (3, 4) rather than being translocated out of the plastid as shown in Figure 1 . This means that the unlabeled DHAP may dilute the radiolabeled acetate tracer used in this study and that shuttle-stimulated fatty acid synthesis in these plastids may be underestimated.
The extent to which pea root plastids rely on internally synthesized ATP versus externally available ATP in vivo remains to be determined. The data presented here suggest that both are readily accessible. Furthermore, the marked accessibility of exogenously supplied ADP and ATP indicates that one or more adenylate translocators are actively involved. The present work also suggests that adenylate nucleotides, alone or in combination with inorganic phosphates, may serve a regulatory role in fatty acid and glycerolipid biosynthesis in pea root plastids. The contribution ofenergy and carbon from plastidic glycolytic and related metabolism versus extraplastidic sources for fatty acid and glycerolipid biosynthesis in pea root plastids, the regulatory roles of adenine nucleotides, and
